. In order to correlate sgp-mediated recombination and transcription, in the present work we used BMV RNA3 constructs that carried altered sgp repeats. We observed that the removal or extension of the poly(U) tract reduced or increased recombination, respectively. Deletion of the sgp core hairpin or its replacement by a different stem-loop structure inhibited recombination activity. Nucleotide substitutions at the ؉1 or ؉2 transcription initiation position reduced recombination. The sgp core alone supported only basal recombination activity. The sites of crossovers mapped to the poly(U) region and to the core hairpin. The observed effects on recombination did not parallel those observed for transcription. To explain how both activities operate within the sgp sequence, we propose a dual mechanism whereby recombination is primed at the poly(U) tract by the predetached nascent plus strand, whereas transcription is initiated de novo at the sgp core.
Viral RNA recombination plays an important role during rearrangements of viral RNAs and provides an efficient tool for the repair of their genomic sequences (12, 12A, 36, 40) . In a variety of RNA viruses, including the bromovirus brome mosaic virus (BMV), coronaviruses, poliovirus, carmoviruses, tombusviruses, and flaviviruses (7, 8) , RNA recombination events seem to occur via a copy choice mechanism, where the replicase enzyme changes templates during RNA synthesis. The evidence is based on the effects of RNA sequence modifications and the participation of replicase proteins (49) in recombination, both in vivo and in vitro (14, 16, 18, 53) . In retroviruses, there seem to be three, non-mutually exclusive copy choice mechanisms: forced (strong-stop) strand transfer, pause-driven strand transfer, and pause-independent (RNA structure-driven) strand transfer (26) . Other proposed mechanisms are cleavage-religation (20, 37, 40) and transesterification (12, 12A, 20) .
BMV is a tripartite RNA virus, where RNA components 1 and 2 (RNA1 and RNA2) encode, respectively, replicase proteins 1a and 2a, while RNA3 encodes a movement protein (3a) and a coat protein (CP) (4) . The CP is expressed from subgenomic (sg) RNA4.
In BMV, the frequency of homologous intersegmental recombination within the 3Ј noncoding region is approximately 10 times higher than that of nonhomologous crossovers (17, 38) . Most of the 3Ј crossovers are precise (38, 39) and are concentrated within GC-rich sequences followed by downstream AU-rich regions (38) (39) (40) . The imprecise crossovers pinpoint the actual crossover sites. A proposed model suggests that the BMV RNA-dependent RNA polymerase (RdRp) pauses (stalls) at AU-rich sequences and then switches onto the acceptor template, with the upstream GC-rich domain facilitating the rehybridization of the detached nascent strand (39, 40) .
Besides recombination among different RNA segments, homologous recombination activity between RNA3 molecules has been mapped to the intercistronic region (11) . This consists of the subgenomic promoter (sgp) on the minus strand of RNA3 (32) and the 1a-RNA3 binding site on the plus strand (50) . Detection of crossovers was possible by coinfection with pairs of RNA3 variants carrying marker mutations at different positions. Further work has pinpointed the crossovers to the sgp sequence, and it was also observed that RNA recombination and transcription events overlapped within the sgp (11, 15, 19, 54) . The sgp is recognized by the replicase enzyme that binds internally to minus strands (46) and synthesizes the sg RNA4. Structurally, the sgp has a modular composition which includes GC-rich and AU-rich "enhancing" regions, a poly(U) stretch, a core region with the RdRp-binding stem-loop structure (41) , and a downstream portion (31, 50) . Such a multidomain nature of sgp's has been confirmed for other RNA viruses (34) .
In this work we expand the analysis of the sgp region in BMV RNA3 in order to determine in vivo the functional correlation between transcription and recombination. By using specially designed RNA3 vectors, we observed a variety of effects on recombination and transcription activities. The removal or the extension of the poly(U) tract reduced or increased the frequency of crossovers, respectively. Both the deletion of the sgp core hairpin and its replacement by a different stem-loop structure inhibited recombination activity.
Nucleotide substitutions at ϩ1 or ϩ2 transcription initiation positions reduced recombination. The sgp core alone supported lower recombination activity. The sites of crossovers mapped to the poly(U) region and to the core hairpin. The observed effects on recombination did not parallel those on transcription, demonstrating that transcription and recombination utilized different sgp sequences (and thus mechanisms), although partial overlapping of the active sequences is possible.
MATERIALS AND METHODS
Materials. Plasmids pB1TP3, pB2TP5, and pB3TP7 (28) were used as templates to synthesize in vitro the infectious transcripts of wild-type (wt) BMV RNA1, RNA2, and RNA3, respectively, by using the MEGAscript T7 kit (Ambion, Austin, Tex.). Plasmids ID2 to ID13 (see below) were used to synthesize mutant RNA3 transcripts. Moloney murine leukemia virus reverse transcriptase and restriction enzymes were obtained from Promega Corp. (Madison, Wis.).
Generation of ID RNA3 constructs and in vitro transcription. Figure 1 shows the sequences of ID RNA3 constructs that carry insert repeats of the sgp sequence at the INT-2 locus. The repeats were introduced downstream of the CP open reading frame (ORF) (at the INT-2 locus) by ligation of PCR-amplified (from the original wt pB3TP7 plasmid [28] ) cDNA products at the BamHI site of plasmid SF-25 (11, 54) . In several cases the constructs were obtained by sequential PCR, using the product of the first PCR as a primer for the second PCR. Plasmid SF-25 was used for PCR amplification of INT-2 insertions in constructs ID2 through ID6, ID9, and ID12, while in constructs ID7, ID8, ID10, ID11, and ID13, the INT-2 inserts were amplified from pairs of overlapping primers. Each ID RNA3 was generated in two versions that differed by flanking marker restriction sites at the INT-2 locus, as shown in Fig. 1 and 2 . The oligonucleotide primers used for each PCR amplification are not specified, since it should not be a problem for other laboratories to recreate any ID sequence.
The ID RNA3 constructs carried various modifications within the sgp elements. The INT-2 insert of ID2 RNA3 (54) comprised the wt sgp sequence, including the core, the poly(U) tract, and part of the enhancer domain (Fig. 1) . Construct ID5 carried a C-to-A mutation at the ϩ1 start site, whereas construct ID6 carried an A-to-G mutation at the ϩ2 site; both mutations were constructed in order to determine the role of transcription initiation site nucleotides. Construct ID7 carried multiple nucleotide substitutions at 5-to 7-nucleotide (nt) intervals, at positions that had been determined in vitro not to interfere with transcription (46) , to map the positions of crossovers. Construct ID8 carried a deletion of the A-1220 residue, which removed the bulge from the core stemloop structure, as well as the U-1217-to-C substitution, which further stabilized the structure (Fig. 1, hairpin D) ; both these mutations have been reported previously to increase transcription activity (22, 23) . Construct ID9 carried a deletion of the poly(U) tract, whereas ID10 carried a larger deletion of both the enhancer region and the poly(U) tract, leaving only the core region. Both constructs were used to determine the functionality of these elements in both transcription and recombination. Construct ID11 carried a 24-nt stem-loop structure derived from the 3Ј-tRNA-like terminus of BMV RNA3, replacing the wt core stem-loop (Fig. 1, hairpin C) , a modification that has been reported to increase transcription (22, 23) . Construct ID12 carried a prolonged poly(U) tract of 40 nt to test if the poly(U) tract was responsible for crossovers. Finally, construct ID13 carried a deletion of nt 1218 to 1232, which participate in the formation of the core stem-loop structure, found to bind to the RdRp complex (22, 23) . In addition, constructs ID2, ID5, ID6, ID10, ID11, and ID12 carried the EcoRI and XhoI marker mutations at flanking positions of the wt sgp locus (INT-1) in order to determine the recombination frequency at INT-1 ( Fig. 1 and  2 ).
The resulting plasmids were linearized at the 3Ј end of the RNA3 sequence, and the capped RNAs were synthesized in vitro by T7 RNA transcription with the MEGAscript kit (36), followed by phenol-chloroform extraction and ethanol precipitation. After centrifugation, the RNA pellet was air dried and dissolved in RNase-free water. The integrity of the RNA was determined electrophoretically in denaturing (formamide-formaldehyde) agarose gels, and the amounts were measured with a UV spectrophotometer.
Determination of recombination frequency in vivo. To determine recombination frequency during infection, pairs of ID RNA3 variants were coinoculated together with wt RNA1 and wt RNA2 on Chenopodium quinoa leaves, as previously described (11) . Briefly, a mixture of each transcript in 15 l of the inoculation buffer (10 mM Tris [pH 8.0], 1 mM EDTA, 0.1% Celite) was inoculated mechanically by rubbing fully expanded leaves. In each experiment, four separate leaves per plant (two to three plants) were inoculated. Each inoculation experiment was repeated two or three times. The infected plants were maintained in greenhouse conditions, as described previously (38) (39) (40) . Local lesions were counted, and the lesion tissue was cut out 10 days postinoculation, quickly frozen in liquid nitrogen, and stored at Ϫ80°C.
The recombination frequency was determined as the fraction of recombinants in a total number of cDNA clones that were amplified by reverse transcription-PCR (RT-PCR) from total-RNA extracts of the combined local lesion tissue (36) . The oligonucleotides used for amplification were RW-Pst (5Ј-AAAACTG CAGCCAATGGTCTCTTTTAGAGATTTACAGTG-3Ј) and RW-Pst1 (5Ј-AA AACTGCAGCCAACTTACCTTACAACGGCGTGTTGAG-3Ј) for constructs with mutations at INT-1; for constructs without mutations at INT-1, RW-Pst and PN1 (5Ј-CTGAAGCAGTGCCTGCTAAGGCGGTC-3Ј) were used (PstI sites are boldfaced; sequences corresponding to BMV are underlined). PCR products were purified on QIAquick PCR purification spin columns (QIAGEN Inc.) and ligated into the 3Ј-U overhangs of the pDrive cloning vector (in the QIAGEN PCR cloning kit, catalog no. 231122). The cDNA clones were then digested with marker restriction enzymes, and those carrying the recombinant sequences were counted over those carrying the parental sequences ( Fig. 2 ; Table 1 ). Some of the clones were sequenced to elucidate the precision of crossovers and to confirm the insert size.
Control RT-PCRs. Two control RT-PCRs were performed. First, each counterpart of the particular pair of RNA3 mutants was inoculated separately on C. quinoa plants at the same time as the coinoculation experiment; the progeny RNA was isolated from separate infections, combined together, and subjected to RT-PCR, followed by cloning and restriction analysis and/or sequencing. Second, the in vitro-transcribed BMV RNA3 preparations were mixed pairwise, 100 ng each, and used directly as templates for RT-PCR amplification. The resulting PCR fragments were cloned and analyzed.
RNA analyses. Extraction and Northern hybridization analyses of total RNAs from infected plants were carried out as described previously (18) . To prepare a BMV-specific probe for hybridization experiments, an 83-nt fragment common to the 3Ј ends of all four BMV genomic components (positioned between nucleotides 1870 and 1953 on BMV RNA3) was PCR amplified from plasmid pB3TP7 with oligonucleotides RP5 (5Ј-AACTGCAGGTAGAGACCCTGTCCA GG-3Ј) and RP3 (5Ј-CGGAATTCAACCACGACTATCAGTTATCAG-3Ј) carrying PstI and EcoRI restriction sites, respectively (restriction sites are boldfaced; sequences corresponding to BMV are underlined). The PCR product was first cut with the PstI and EcoRI restriction enzymes and then ligated into the pGEM-3Z cloning vector from Promega. The resulting RW-INT(Ϫ) plasmid was linearized with PstI and used as a template for synthesis of an RNA probe by using the MAXIscript T7 kit (Ambion) and [␣- 
RESULTS

Effect of mutations at INT-2 on BMV RNA accumulation.
All the RNA3 ID constructs of Fig. 1 were infectious to C. quinoa plants (data not shown), and the INT-2 sgp inserts were maintained during infection in all but ID8 progeny RNAs (Table 1 ; Fig. 4 ). To determine how sgp sequence modifications affected BMV RNA accumulation and INT-2 transcription activity, the progeny RNAs were harvested at the time that secured an equal accumulation of the virus for all of the constructs, i.e., 10 days postinfection, as established previously (54) . The leaf tissues were quickly frozen in liquid nitrogen immediately after harvesting to prevent RNA degradation, and then the total RNAs were extracted from equal weights (100 mg) of the combined local lesion tissue by using a standard RNA isolation protocol. The RNA was analyzed by Northern blotting with an RNA probe that was complementary to an internal 3Ј proximal region common among four BMV RNAs, to avoid detection of putative 3Ј BMV RNA degradation fragments. Figure 3A shows that, depending on the length of the 3Ј-end insert at INT-2, some constructs produced longer RNA4Ј than others, and that the relative concentrations of RNA3, RNA4, and RNA4Ј differed among the ID mutants. Specifically, for the wt INT-2 sgp (in ID2), the relative amounts of RNA3 and RNA4, but also RNA4Ј, were lower than those shown previously for ID2 (54) . This could be due to the use of a probe that was more selective than the 3Ј probe used before. The remaining constructs formed two groups (Fig. 3) . In one group, the Below the RNA3 schematic, the elements of the sgp insert of INT-2 [the enhancer, the poly(U) tract, the hairpin, the core region, the initiation site, and a downstream sequence] are shown. Below the INT-2 schematic, the nucleotide sequences of constructs ID2 to ID13 are given, with structures represented on the left and locations of marker restriction sites in the two variants of each construct tabulated on the right. ID2 carries the wt sequence; ID5 and ID6 carry mutations at positions ϩ1 and ϩ2, respectively; ID7 carries nine single marker mutations (indicated by italicized capital letters); ID8 carries hairpin D; ID9 has no poly(U) tract; ID10 has no enhancer and no poly(U) elements, so the core sequence forms a new hairpin B structure by pairing with the adjacent upstream region; ID11 carries a replacement of hairpin A with the 3Ј hairpin C; ID12 carries an extended poly(U) tract; and ID13 has no hairpin structure. Nucleotide positions of junction sites are given according to the numbering of the wt sequence, as counted from the 5Ј end. Thin V-shaped lines represent deleted elements. For the ID7 RNA3, only one variant was created (ID7-1), and it was tested for recombination with ID1-1 (described previously by Wierzchoslawski et al. [54] ).
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concentrations of RNA3 and RNA4 were higher than that of RNA4Ј, reflecting reduced (or abolished) transcription at INT-2. This group included ID5 (C-to-A mutation at ϩ1) ( Mutations at the transcription initiation site. First we tested the role of nucleotides at the transcription initiation site by using RNA3 constructs ID5 and ID6 (Fig. 1) . The constructs were inoculated pairwise (ID5-1 ϫ ID5-2 and ID6-1 ϫ ID6-2) on C. quinoa, and the general schematics of expected crossovers are shown in Fig. 2 . Total RNA was extracted 10 days postinoculation, the cDNA products were amplified by RT-PCR and ligated into the PUC-19 cloning vector, and the inserts were sized by electrophoresis in an agarose gel (data not shown), as described in Materials and Methods. Subsequently, the clones were digested with restriction enzymes to reveal double-marker or no-marker recombinants (54) (Fig. 2) . Fig. 1 ; arrows indicate homologous crossovers. The types of ID RNA3s carrying specific restriction sites at four restriction marker positions (indicated by circles, triangles, diamonds, and inverted triangles) are given in the balloons (see also the restriction marker table in Fig. 1, right side) . Below the crossover schematic, the molecules of two parental ID RNA3 variants [designated generally as ID RNA3(1) and ID RNA3 (2) ] are shown on the left, whereas the predicted types of progeny RNA3-RNA3 recombinants that arise due to crossovers within the recombination regions (see also The recombinant nature of these clones was further confirmed by sequencing, revealing no imprecise sequences. Among 28 clones derived from ID5-1 ϫ ID5-2 coinfection (Table 1), 3 were recombinants at INT-2 (10% frequency of recombination), 8 were recombinants at INT-1 (28%), 2 recombined within the CP control region (7%; this recombination frequency was determined based on the cosegregation of the 5Ј marker of the INT-1 region and the 3Ј marker of the INT-2 region), and 15 carried parental sequences. ID6-1 ϫ ID6-2 coinfection yielded 36 clones, with 32 parental sequences, 4 recombinants at INT-2 (11%), 8 recombinants at INT-1 (22%), and 2 recombinants within the CP region (5%). These results revealed the role in recombination of nucleotides downstream of the core hairpin (see Discussion). Scanning with the PhosphorImager (Fig. 3) demonstrated that the level of sg RNA4Ј (that is, the level of transcription) was reduced for both ID5 and ID6, to 10 and 15.4% of the level of all BMV RNAs in the sample, respectively. These results suggested that wt cytidylate at ϩ1 and wt adenylate at ϩ2 participated in transcription initiation, which confirmed earlier observations (46) .
Mapping crossover sites within the sgp sequence. Next, we attempted to localize more precisely the sites of crossovers within the sgp sequence. Since the crossovers were precise and homologous, single-nucleotide mutations were introduced as markers at INT-2 in the parental construct ID7, at the following positions: 1180 (substitution of U for A), 1190 (A for T), 1209 (A for U), 1223 (A for U), 1229 (U for A), 1235 (A for U), 1244 (A for U), 1254 (C for G), and 1264 (U for A) (see Fig. 5 ). This covered the core region, the core hairpin, and the poly(U) tract. The substitutions were at transcriptionally neutral locations, as determined by Siegel et al. (46) . The substitution of A for U (position 1223) changed the AUA triloop into an AAA triloop within the sg core hairpin (hairpin AЈ [ Fig.  1]) . Northern blot analysis (Fig. 3, lane 5) confirmed that ID7-1 RNA3 supported 34.6% transcription at INT-2. Thus, the transcriptional activity remained unchanged compared to that for the wt INT-2 sgp sequence of ID2. For the latter construct, we have previously reported higher concentrations of RNA4Ј (45.8 to 52.3% of all BMV RNAs in the sample [54] ). However, the probe used for Northern blotting was complementary to the terminal 3Ј region, resulting in the detection of undesired comigrating 3Ј-degradation products. In this study we used a more internal probe (described in Materials and Methods) to eliminate such background. Interestingly, transcription at INT-1 was dramatically reduced, suggesting some interplay between the INT-1 and INT-2 loci (see Discussion).
The recombination activity of ID7-1 was tested by coinoculation with construct ID1-1 (described in reference 54), which carried wt sgp at INT-2. Of 40 cDNA clones, 7 represented homologous recombinants and 33 carried parental RNAs (17 ID1-1 and 16 ID7-1 clones). Sequencing of nine clones revealed that the parental distribution of marker mutations was retained up to position 1190 and above position 1223. We concluded that the crossovers occurred between positions 1190 and 1223, and therefore the recombination was mapped to the AU-rich sequence that preceded the core hairpin and to the hairpin itself.
Stabilization of the sgp core hairpin. Next, we analyzed the sequence elements responsible for directing the crossovers to the region adjacent to the core hairpin. Plants were coinoculated with ID8-1 and ID8-2, carrying a stabilized stem (hairpin D [ Fig. 1]) , which has been shown previously to support increased transcription (23) . Surprisingly, massive deletions were detected at the INT-2 insert: of 36 progeny clones (Table 1), 22 were deletion recombinants while 14 were nonrecombined variants with partial deletions (Fig. 4) . The deletions differed in size (between 68 and 136 nt), with the upstream cutoff site at either nt 1174 (19 clones) or nt 1200 (17 clones). The downstream cutoff sites were located at positions between nt 1268 and nt 1310. All the clones lacked the core sequence, so the remaining transcription activity (13.6% [Fig. 3, lane 6] ) 
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Northern blot analysis of the accumulation of BMV RNA3 ID constructs. Leaves were coinoculated mechanically with in vitro-transcribed wt RNA1 and RNA2 and with RNA3 ID mutants (as indicated above the gel). Total (tot.) RNA was extracted from the infected tissue, separated electrophoretically in a 1% agarose-formamide-formaldehyde gel, and blotted to a nylon membrane (HybondNϩ; Amersham), and BMV RNA sequences were detected by using a 32 Deletion of the poly(U) tract and of the enhancer region. To confirm that the poly(U) tract participated in recombination, the poly(U) sequence was deleted in construct ID9. ID9-1 ϫ ID9-2 coinfection produced 56 clones (Table 1) , of which only 2 were recombinant clones (4% frequency) while 54 were parental clones (29 ID9-1 and 25 ID9-2 clones). This minimal frequency correlated with low transcription activity at INT-2 (14.7%), showing that the poly(U) tract participated in both events.
To test if the enhancer, poly(U) tract, and downstream regions participated in recombination and/or transcription, constructs ID10-1 and ID10-2 were used; essentially, ID10 carried only the sgp core at INT-2. Analysis of 36 progeny cDNA clones (Table 1) Scanning with the PhosphorImager (Fig. 3 ) demonstrated that the level of ID10 sg RNA4Ј (that is, the level of transcription) constituted only 4.9% of all BMV RNAs in the sample, in sharp contrast to the 38.6% share of RNA4Ј for ID2 infection.
The fact that the sgp core alone (in ID10) maintained recombination activity, though at a reduced rate, was surprising. To check if this was due to structural factors, the sequence of the INT-2 insert (plus the upstream wt region) was folded with the program M-FOLD (version 3.0). The predicted structure (hairpin B [ Fig. 1]) represented a novel tetraloop stable element (Ϫ4.30 kcal/mol) carrying a bulged 8-bp stem. In contrast, the wt INT-2 insert (in ID2) formed a less-stable pseudotriloop hairpin with a bulged 5-bp stem (hairpin A [ Fig. 1] ) (23) . We speculated that the tetraloop structure interfered with transcription to a greater extent than with recombination (see Discussion).
Substitution with 3 hairpin C. To test whether different core hairpins could support recombination and/or transcription, the wt hairpin was replaced with a highly stable triloop stem-loop structure (8 bp combination. Also, transcription activity was reduced to 9.5% at INT-2 (Fig. 3, lane 9) . Similarly, no recombinants were observed for the control CP region or for the unmodified INT-1 locus of ID11 (Table 1 ). The lack of recombination at INT-1 despite the increased transcription activity at this locus (39.6%) is interesting; it suggests long-distance INT-1-INT-2 interactions that affect recombination (see Discussion). Extension of the poly(U) tract. To further verify the role of the poly(U) tract, we tested if an extended poly(U) region would increase the recombination frequency. Construct ID12 carried 40 U residues at INT-2, compared to 18 U residues in the wt sequence. Indeed, among 30 progeny clones (Table 1) (ID12-1 ϫ ID12-2 coinfection), there were 12 recombinants (40%) at INT-2, 5 recombinants (17%) at INT-1, 2 recombinants (7%) within the control CP region, and 11 parental sequences (5 ID12-1 and 6 ID12-2 clones) . Surprisingly, the doubled (compared to wt ID2) recombination frequency did not parallel the transcription activity (Fig. 3) , which was decreased to 14% (see Discussion).
Deletion of the core hairpin. The role of the core hairpin was further studied by deleting the corresponding sequence in construct ID13. ID13-1 ϫ ID13-2 coinoculation yielded 27 clones that carried only the parental sequences at INT-2, almost equally distributed (15 ID13-1 clones [55%] and 12 ID13-2 clones [45%]). This confirmed that the core hairpin was essential for recombination. Similarly, the relative amount of the RNA4Ј transcript was reduced to 4.6%, verifying the importance of the core hairpin for transcription (Fig. 3, lane 11) .
DISCUSSION
Previously, our laboratory reported homologous recombination activity of the sgp region of BMV RNA3 (11, 54) . We have used an RNA3 ID construct that carried a duplication of the sgp sequence so that it could be modified without inactivating the virus. When its transcriptional activity was inhibited, recombination was abolished, suggesting a link between the two functions (54) . To study the relationship between transcription and recombination in vivo, in this study we used nine different RNA3 ID constructs. In general, we observed major disproportions between recombination and transcription, and the two functions utilized different sgp portions, which suggested different mechanisms. Moreover, we were able to finely map the crossovers occurring within the sgp and to verify the participation of the sgp regions in transcription. Below we discuss specific points of this research.
The prototype for the RNA3 ID constructs was ID2. It accumulated low levels of RNA3 and RNA4 but high levels of RNA4Ј (Fig. 3) . This was likely not due to selective RNA degradation, because the samples were quick-frozen prior to RNA extraction, and a selective probe was used for Northern blotting (see Materials and Methods). Rather, this ratio was observed because ID2 carried the wt sgp, which was functional in transcription and might have been preferentially functional at INT-2 (19), generating higher levels of RNA4Ј. Similar results were obtained with ID7, which carried multiple mutations at transcriptionally neutral positions, confirming previous in vitro data (46) . Interestingly, the concentrations of the ID2 and ID7 viruses in infected C. quinoa leaves were similar to each other as well as to those of other ID variants (data not shown). Perhaps, in spite of its low levels, RNA4 secured efficient translation of the viral CP, and thus the final virus concentration was controlled by a different mechanism.
By use of ID7, the crossover sites were mapped to the upper portion of the poly(U) tract, near the core hairpin (Fig. 5) . This finding implied that poly(U) and the core hairpin were important during recombination. Indeed, in ID9, in which the poly(U) tract was deleted, recombination activity was abolished (although the lack of recombination could also be due to the presence of a hairpin that was less stable than the wt hairpin). In addition, in ID12, the poly(U) sequence was extended and recombination increased, while in ID13, in which the core hairpin was deleted, recombination was abolished. We then created other ID RNA3s to analyze how poly(U) and the core hairpin interacted during recombination. Surprisingly, ID10, which carried only the core region, supported recombination. We argue that a novel stable tetraloop, hairpin B (Fig.  1) , can form in ID10 and induce recombination. Apparently, however, the sequence of the hairpin is more important for recombination than its stability, because construct ID11, which carried a hairpin even more stable than that of ID10, did not support crossovers. Even if this finding does not support the roadblock effect, the pausing of RdRp in ID10 might be achieved through interactions of hairpin B with other viral and/or host proteins (35, 55) .
Interestingly, ID8 mediated the highest recombination activity, but the crossovers were nonhomologous, leading to deletions (Fig. 4) . We assume that this reflects a selection pressure for variants that are inactive in transcription (at INT-2). Increased transcriptional activity at INT-2 (see reference 22) could be detrimental for viral infection.
For some ID RNA3s, transcriptional activity paralleled recombination activity. For instance, ID5 and ID6 carried mutations at ϩ1 and ϩ2 sites and supported low levels of both activities. Previous in vitro data have revealed that ϩ1 and ϩ2 sites participated in BMV transcription (46) . Interestingly, different viruses have different preferences for transcription initiation (3, 44) . With regard to recombination, we have assumed that altered RNA folding in ID5 and ID6 affected the crossovers, but the M-FOLD program predicted unchanged core hairpins (data not shown). Perhaps, then, ϩ1 and ϩ2 nucleotides do mediate some distinct, yet to be characterized interactions. It was shown recently by Hema and Kao that the template sequence near the initiation nucleotide can modulate BMV RNA replication (25) .
ID9 supported low recombination and transcription activities. The latter confirms the previous observation that the poly(U) tract is required for transcription (2, 48) , although the less-stable hairpin could also contribute to the effect. In contrast, ID10 supported minimal transcription (but moderate recombination), which could be due to ineffective binding of RdRp to hairpin B or to the missing poly(U) tract.
The low transcriptional activity found for ID11 contradicts in vitro data reported by Haasnoot et al. (23) , although the spacing between the hairpin and the initiation cytidylate was different in their constructs. In addition, some protein factors or cellular structures might be absent from the RdRp preparations but present in infected whole plants. It should also be noted that the experiments were conducted on different hosts (barley versus C. quinoa), which might affect transcription (54).
We propose a novel mechanism to explain these data, and especially the mapping of crossovers to the poly(U)-hairpin region (Fig. 6) . The model predicts two separate processes, both occurring during plus-strand synthesis: transcription initiates de novo by internal binding of the RdRp complex to the sgp, whereas recombination is facilitated by priming with the reattached nascent plus strand. Both de novo initiation and primer extension activities have been reported in vitro for the RdRp's of BMV (45) , flaviviruses (44) , carmoviruses (41) , and nidoviruses (42, 52) . In retroviruses, crossovers occur between the dimeric "kissing loops" (57) . Both the length heterogeneity of the detached nascent strand and rehybridization at multiple sites may increase the odds of primer extension at the poly(U) tract. On the other hand, the core region might be required for reattachment of the RdRp complex during strand transfer. With regard to transcription, the basal function of the sgp core is consistent with the results of Adkins et al. (2) , but normal levels of transcription require upstream enhancers (19, 24) . The proposed model requires biochemical confirmation.
The poly(U) tract may function as a nonpaired spacer that facilitates the access of the replicase to the template. The unstructured nature of the poly(U) tract [and the poly(A) tract] has been suggested before (27, 31) . Nagy and Bujarski have mapped the hot spots for 3Ј recombination at AU-rich regions (39) , likely due to destabilization (pausing) of the RdRp complex (29, 51) or to RdRp slippage (5, 9), which promotes strand detachment (39) . However, the case of ID10 suggests that sometimes poly(U) can be replaced by special RNA folding. Mapping of crossover sites on ID10 is necessary to confirm the structural requirements for recombination.
An alternative mechanism may involve direct reinitiation at the poly(U) tract (in minus strands) in a primer-independent manner. Such a property has been reported for the hepatitis C virus RdRp enzyme from an in vitro study (51) . Apart from template sequences, RNA-protein interactions could make the poly(U) tract [the poly(A) tract in plus strands] prone to recombination. For example, certain poly(U)-binding proteins participate in posttranscriptional regulation of gene expression (43) . In Escherichia coli, host factors of the Hfq family bind preferentially to single-stranded AU-rich sequences followed by stem-loops, and the binding enhances RNA-RNA pairing (56) . In fact, protein-RNA interactions have been found to facilitate RNA-RNA crossovers in human immunodeficiency virus (6, 30) .
The recombination frequency at INT-1 remained high for all ID RNA3s tested (ID2, -5, -6, -10, and -12), except ID11, although there were variations in the accumulation (transcription) of RNA4. This additionally demonstrates that different domains are utilized by both functions. The lack of recombination for ID11 might be due to distant interactions between INT-1 and INT-2 sgp's; long-distance interactions have been observed to mediate various functions in other viruses (10, 31, 47) . Also, the presence of two copies of hairpin C, a key element for minus-strand synthesis (23) , could be detrimental to transcription.
In addition to the sgp, the occurrence of crossovers was studied within a larger control region of the CP ORF (see Table 1 ), between INT-1 and INT-2 (540 nt) (see also reference 11). Four constructs (ID5, ID6, ID11, and ID12) supported low or no activity, but two constructs (ID2 and ID10) supported higher activity. These results suggest the existence of a recombination hot spot within the CP ORF. Regardless of the mechanism, the discrepancy in length (100 nt for INT-2 versus 540 nt for the CP ORF) demonstrates that the CP ORF was more than five times less efficient at recombination than the sgp hot spot.
Sequencing identified only precise homologous RNA3-RNA3 recombinants at INT-2, but aberrant recombinants at the 3Ј noncoding region have been observed previously (38) . The difference might be due to the different natures of the 3Ј promoter and the sgp (1), e.g., because of more efficient polymerase binding to the sgp than to the 3Ј region.
To our knowledge, the BMV sgp represents the first wellcharacterized recombinationally active sgp. Further experiments will address the nature (competitive or synergistic) of interregulation of the recombination and transcription functions. Besides that of BMV, a recombination activity was observed at the intercistronic region of cowpea chlorotic mottle bromovirus RNA3 (15, 21) . Also, sgp-mediated recombination has likely led to the formation of subgroups of luteoviruses (33) and to modular rearrangements in closteroviruses (8) . By anticipating the discontinuous process of synthesis of BMV RNA3 plus strands, our model is analogous to the discontinuous mode of sg RNA synthesis in nidoviruses. The difference is that the latter relies on translocation (reminiscent of recombination) of partially synthesized nascent plus strands to the 3Ј leader sequence on minus strands (42) , while in BMV RNA3 the translocation occurs between corresponding sequences of two essentially identical RNAs. Also, some viruses support crossovers via promoter-like elements, e.g., RNA replication enhancers in turnip crinkle carmovirus (13, 41) , but more stud- ies are needed to investigate the possible links between transcription and recombination.
